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. Introduction
Electrocatalytic hydrogen evolution reaction (HER) is a promising way to store sustainable and intermittent renewable energy resources in the form of hydrogen, which is an energy vector with high energy density and potentially without carbon emissions [1] . Platinum is one of the best materials for HER, but due to the fact that it is an expensive and limited resource, a new highly active and earth-abundant catalyst is needed to replace the Pt-based catalyst [2] . Catalysts based on transition metal dichalcogenides are considered to be promising alternatives [3] .
Molybdenum disulfide (MoS 2 ) is a layered chalcogenide material and a promising electrocatalyst that is a low-cost alternative to platinum for hydrogen production [4, 5] . The surface of bulk MoS 2 primarily consists of the thermodynamically favored basal plane sites, which are known to be catalytically inert [6] . Recent works show the catalytic activation of MoS 2 basal plane by sulfur vacancy formation and the reduction of contact resistance [7, 8] . In contrast, the edges of the MoS 2 layers have high activity for the HER [9] . Thus, most recent works on the MoS 2 catalyst have focused on creating the catalyst nanostructure to increase the number of accessible edge sites [10] [11] [12] [13] .
Besides the number of active sites, the electrical transport from the active sites to the electrodes is also a crucial factor to enhance the electrocatalytic activity. In order to increase the catalyst conductivity, a carbon material was incorporated with the MoS 2 catalyst [4, 14, 15] .
In this work, we utilized the electrical conductive MoO 2 nanofiber network and controlled the stacking orientation of MoS 2 nanosheets on MoO 2 nanofibers to improve the conductivity of the catalyst as well as increase the number of active edge sites (figure 1). Due to the hexagonal packed crystal structure MoS 2 layer, its electron and hole mobility is approximately 2200 times faster along a basal plane than across sheets [16, 17] . Thus, perpendicularly attached MoS 2 nanosheets on MoO 2 nanofibers could improve the electron transfer from the MoO 2 to the active edge sites of the MoS 2 layers. Electrically conductive MoO 2 nanofibers also provide a larger surface area to volume ratio and improve the electron transfer pathway by reducing the number of interfaces between the electrocatalysts. To realize the hierarchical MoO 2 /MoS 2 nanofiber, we employed electrospinning and calcination to create MoO 3 precursor nanofibers. These processes were followed by the sulfurization of MoO 3 , which creates MoS 2 nanosheets on MoO 2 nanofibers (figure S1).
Experimental
Polyvinylpyrrolidone (PVP, MW=1300 000) solution (5.5 wt.%) was prepared by dissolving it in ethanol (5.77 ml). Ammonium molybdate tetrahydrate ((NH 4 ) 6 Mo 7 O 24 ·4H 2 O, AM) was used as a precursor dissolved in 0.2 M citric acid (4.55 ml) with the concentration of 90 mg ml −1 , and then mixed with as-prepared PVP solution, followed by stirring for 2 h. The precursor solution was loaded into a plastic syringe with a 25G needle, and then a positive voltage of 12 kV was applied between the spinneret and collector. In order to maintain the MoO 3 nanofiber shape without PVP residue, we employed a two-step calcination process: a conventional lowtemperature calcination at 350°C (25°C min −1 ramp rate) for 1 h followed by a rapid thermal annealing (RTA) process at 500°C (35°C s −1 ramp rate) for 30 s to prevent the recrystallization process of MoO 3 [18, 19] .
MoS 2 nanosheets on MoO 2 nanofibers were synthesized using a sulfurization process in a 1 inch diameter quartz tube furnace using elemental sulfur powder as the sulfur source. MoO 3 nanofiber, which was calcinated and RTA treated, was placed in the center of the quartz tube flowing with a 5% H 2 +Ar gas mixture or Ar gas at 50 sccm rate. A sulfur boat was placed upstream with an additional heating element. When the center of the furnace reached the target temperature of 400°C, the sulfur boat was heated up to 200°C. The sample was cooled in the furnace naturally with a continuous gas flow.
The morphology of the nanofibers was obtained by SEM and TEM. X-ray diffraction (XRD) was employed to study the crystal structure. The MoO 3 , MoO 2 , and MoS 2 crystal sizes and phase ratios were calculated from the XRD spectra using the Scherrer equation [20] and HighScore software (PANalytical). The HER measurement was carried out using a three-electrode cell with a 0.5 M sulfuric acid electrolyte solution. Saturated calomel electrode and platinum plate were used as the reference and counter electrode, respectively. The reference electrode was calibrated with respect to the reversible hydrogen electrode (RHE). Linear sweep voltammetry with a scan rate of 5 mV s −1 was conducted using a potentiostat. 2 mg of nanofiber catalyst was dispersed in 200 μl of 1:1 v/v water/isopropanol mixed solvent with 16 μl of 5 wt. % Nafion solution. 7.67 μl of the dispersion was transferred onto the rotating glassy carbon electrode, leading to the catalyst loading ∼1 mg cm −2 . The glassy carbon electrode was rotated at 2000 rpm.
Results and discussion
As shown in the thermogravimetric analysis result (figure S2), the calcination temperature of the as-spun nanofibers should be over 400°C to convert AM to crystallized MoO 3 and to fully burn out the PVP. Figure S3 shows the nanofiber morphology and XRD spectra of nanofibers calcinated at 400°C with various duration. The nanofiber morphology was maintained throughout the first 30 min of calcination, but the MoO 3 crystal did not develop, as shown in the XRD spectra. However, as the calcination time increased, MoO 3 crystals were formed, whereas the nanofiber morphology was destroyed [18] due to the sublimation-recrystallization process of MoO 3 [21] . Figure S4 shows the nanofiber morphology and XRD patterns after 1 hour calcination at 350°C and RTA processed at 500°C-700°C for 30 s. As shown in figures S4(b) and (c), the nanofiber shape was maintained with crystallized MoO 3 after RTA treatment at 500°C and 600°C, whereas the nanofiber shape was destroyed during the RTA process at 700°C. Thus, the crystallized MoO 3 nanofibers after an RTA process at 500°C were used for the sulfurization process to form MoO 2 /MoS 2 nanofibers. Figure 2 shows the XRD pattern of MoO 3 and sulfurized MoO 2 /MoS 2 nanofibers at 400°C in H 2 + Ar gas for 10-60 min The two-step calcinated MoO 3 nanofibers show a single phase of orthorhombic structure ( figure 2(a) ). The clear and sharp peaks indicate that MoO 3 nanofibers have a high degree of crystallinity. A 10 min sulfurized sample shows low crystallinity compared to the MoO 3 nanofiber precursor, indicating the initiation of the reduction of MoO 3 nanofibers in hydrogen and sulfur vapor. As the sulfurization time increases, all peaks corresponding to MoO 3 have disappeared and new peaks corresponding to a monoclinic MoO 2 phase are obtained, along with hexagonal 2H-MoS 2 peaks at 14.32°a nd 33.12°associated with the (002) and (100) crystal planes, respectively. This indicates that MoO 3 was initially reduced due to the presence of a reducing environment to sub-oxide MoO 2 , which then reacted with sulfur to form MoS 2 . The reduction of MoO 3 to MoO 2 at 400°C is a one-step process without the formation of crystalline intermediates [22] . MoS 2 crystals were formed after 20 min of sulfurization and had a maximum ratio of 81% at 30 min. After 40 min of processing, the MoS 2 ratio decreased to 20%. During the first 50 min of sulfurization, the MoS 2 crystal size remained between 5.5 and 7 nm; however, after 60 min it increased to 16 nm ( figure S6) . Figure S5 shows SEM morphology of the MoO 3 nanofiber and MoO 2 /MoS 2 nanofibers sulfurized in 5% H 2 +Ar gas mixture. The nanofiber shape was maintained after the sulfurization process, as shown in figure S5 . The MoO 3 precursor nanofibers have a smooth surface, whereas the surface morphology of sulfurized MoO 2 /MoS 2 nanofibers has a needle-like facet structure. Figure 3 shows the TEM images of MoO 3 nanofiber and MoO 2 /MoS 2 nanofibers sulfurized at 400°C in 5% H 2 +Ar gas mixture for 30, 50, and 60 min. The MoO 3 nanofibers appear to be polycrystalline with an average diameter around 170 nm. The surface morphology of the 30 min sulfurized nanofibers changed dramatically. Here, the nanocrystals formed a random stacking around the nanofiber surface. The nanocrystals exhibited layers of MoS 2 with an inter-planar distance of 0.62 nm, which is in good agreement with the d-spacing of the (002) crystal plane of MoS 2 . After 50 min of sulfurization, the surface MoS 2 nanocrystal shape and attachment property changed again. As shown in figure 3(c) , the MoS 2 is nanofaceted, composed of MoS 2 crystals, and is an amorphous mixture. More importantly, the MoS 2 (002) plane is perpendicular to the nanofiber axis, which can improve the electrical conductivity of the catalyst. Further sulfurization process produces a MoS 2 facet size increment. By contrast, the nanofiber sulfurized in pure Ar gas does not develop a needle-like facet structure. Figure S7 shows the SEM images and crystal phase ratio of nanofibers sulfurized in Ar gas for 1-3 h. As the sulfurization time increased, the MoS 2 ratio increased up to 40% without a decrease in the MoS 2 phase ratio.
Based on the aforementioned results, a hierarchical nanofiber structure formation mechanism is proposed, as shown in figure 4 . Initially, the MoO 3 surface was reduced to sub-oxide MoO 2 phase and it was converted to MoS 2 . The sulfurization process lasting 30 min produces porous MoS 2 surface and MoO 2 core structure, while maintaining the nanofiber shape, which is compatible with the properties of a pseudomorphic transformation process [23] . After 50 min of sulfurization, the MoS 2 nanostructure surface was renewed completely. It can be explained by a chemical vapor transport process. The gaseous transport phase was generated from solid surface evaporation, and the transport phase was deposited on a nucleus of the product. As the sulfurization duration increased, the size of the MoS 2 crystal increased. The aforementioned MoS 2 crystal phase ratio decrease might be caused by the chemical vapor transport of MoS 2 in 5% H 2 +Ar gas mixture [24] [25] [26] , which indicates that evaporated MoS 2 was not fully deposited on the nanofiber surface. We named the MoO 2 /MoS 2 nanofibers PT-1, PT-2, CV-3, and CV-4, respectively, depending on the surface MoS 2 nanostructure shape. CV-3 nanofiber is the most comparable hierarchical structure with proposed MoO 2 /MoS 2 nanofiber for a high-performance HER catalyst.
The electrochemical HER properties of the nanofibers (PT-1, PT-2, CV-3, and CV-4) were tested using a threeelectrode setup in a 0.5 M H 2 SO 4 solution ( figure 5(a) ). PT-1 nanofiber shows the lowest HER activity due to the lowactive MoS 2 sites. Although PT-2 nanofiber has the highest MoS 2 crystal content, the HER activity is also low, because the MoS 2 nanocrystals are stacked randomly on the MoO 2 nanofiber that has a low-active site opening and low-electron transport conductivity. CV-3 nanofibers show the highest HER performance with an onset potential of approximately −180 mV versus RHE (−340 mV at 10 mA cm −2 ). CV-4 HER activity was decreased due to the low-active site of the bigger MoS 2 crystals. CV-3 nanofibers also exhibited good stability for HER. Figure 5(d) shows the polarization curve after 500 cycles, which remained almost unchanged. The Tafel plots are shown in figure 5(b) , which were fitted to the Tafel equation(h = + b j a log , where j is the current density and b is the Tafel slope). CV-3 nanofibers show smaller Tafel slopes, 59 mV dec −1 , which is attributed to the MoS 2 nanosheets perpendicularly attached to the MoO 2 nanofibers. Figure 5(c) shows the electrochemical impedance spectroscopy of nanofibers measured at the frequency range 1-10 MHz. A high HER activity nanofiber (CV-3) shows the smallest semicircle in the Nyquist plot, which indicates a small charge transfer resistance in the MoS 2 nanosheets perpendicularly attached to the MoO 2 nanofibers, as it allows fast electron transfer during HER. Experimentally, two main pathways are generally observed for HER: the VolmerHeyrovsky reaction and Volmer-Tafel reaction [27] . In this work, the Tafel slope of 59 mV dec −1 for CV-3 suggests that HER is most probably controlled by the Volmer-Heyrovsky reaction.
Conclusions
The hierarchical MoO 2 /MoS 2 nanofibers were successfully synthesized by electrospinning followed by a post-heat treatment process, which can be used for the mass production of an electrocatalytic catalyst. The randomly attached MoS 2 nanocrystals on MoO 2 nanofibers show poor HER property. MoS 2 nanocrystals perpendicularly attached to MoO 2 nanofibers have the highest HER property. HER performance decreased with increasing MoS 2 crystal size. Further enhancement of the HER performance of MoO 2 /MoS 2 nanofibers may be achieved by transition metal incorporation to reduce the binding energy of hydrogen on the MoS 2 S-edges [28] and/or carbon nanomaterial incorporation in MoO 2 core to increase electrical conductivity.
